Leaves of rye seedlngs (Secalk cerealk L.) (15, 18, 23, 27) . To characterize the photooxidative events and the forms of activated 02 involved in the herbicide-induced bleaching we have compared the photodestruction of Chl occurring when intact leaf segments or isolated chloroplasts from plants grown under dim light were exposed to a high light intensity. Several scavengers for free radicals or for specific species of activated 02 were tested for their ability to prevent, and D20 that prolongs the lifetime of 102 (28) and H202 for their ability to promote, the degradation of Chl. Superoxide dismutase was assayed to study the influence of the herbicides on the activity of one of the protective mechanisms against O2 toxicity and malondialdehyde was estimated to elucidate whether photooxidation of Chl was related to lipid peroxidation in herbicide-treated leaves. Petkus 'Kustro'). The seeds were surface-sterilized by a 5-min vacuum infiltration and about 30 min soaking in a freshly prepared, filtered solution of 3% calcium hypochlorite, thoroughly washed with demineralized H20, and placed in plastic boxes on filter paper (Schleicher and Schull, No. 598) moistened with either distilled H20, or a herbicide solution, as indicated. The seedlings were grown for 6 d at 22°C.
In previous work, two groups of chlorosis-inducing herbicides of different potency were discriminated (10, 11) . A representative of the pyridazinone herbicides, San 6706, and difunon (group 2) induced a severe carotenoid deficiency and very intense photooxidative damage oftreated leaves in light, including the degradation of ChM, 70S ribosomes, chloroplast enzymes, and even the inactivation of many or conceivably all peroxisomal enzymes. Photooxidative damage in the presence of other chlorosis-inducing herbicides (group 1: aminotriazole, haloxidine) was much weaker: photodegradation of Chl did not appear to be of major relevance in our system and, except for catalase, chloroplast and peroxisomal enzymes were not inactivated.
Photooxidation of Chl, as occurring in the presence of group 2 herbicides, has been attributed to the fact that excited triplet Chl cannot be quenched by carotenoids in the carotenoid-deficient leaves and is, therefore, able to react with O2, generating reactive 02 radicals, which cause the degradation of Chl and possibly other chloroplast constituents (23, 29) . The question of the nature of the activated 02 species involved in Chl bleaching is not yet settled.
Singlet O2 ('02), superoxide (02-) and hydroxyl radicals (OH,) have been implicated by different authors (15, 18, 23, 27) . To characterize the photooxidative events and the forms of activated 02 involved in the herbicide-induced bleaching we have compared the photodestruction of Chl occurring when intact leaf segments or isolated chloroplasts from plants grown under dim light were exposed to a high light intensity. Several scavengers for free radicals or for specific species of activated 02 were tested for their ability to prevent, and D20 that prolongs the lifetime of 102 (28) and H202 for their ability to promote, the degradation of Chl. Superoxide dismutase was assayed to study the influence of the herbicides on the activity of one of the protective mechanisms against O2 toxicity and malondialdehyde was estimated to elucidate whether photooxidation of Chl was related to lipid peroxidation in herbicide-treated leaves. Petkus 'Kustro'). The seeds were surface-sterilized by a 5-min vacuum infiltration and about 30 min soaking in a freshly prepared, filtered solution of 3% calcium hypochlorite, thoroughly washed with demineralized H20, and placed in plastic boxes on filter paper (Schleicher and Schull, No. 598) moistened with either distilled H20, or a herbicide solution, as indicated. The seedlings were grown for 6 d at 22°C.
MATERIALS AND METHODS
Continuous irradiation with white light was provided by fluorescent tubes (Astra, 40 w, Tageslicht and Warmton de Luxe in alternating sequence) giving an incident intensity of either 5,000 ± 500 lux or 10 lux (Warmton de Luxe only).
The following herbicides and concentration were used: 0.25 and 0.3 mm 3-amino-1,2,4-triazole (amitrole), 0.05 and 0.15 mm 3,5-dichloro-2,6-difluoro-4-hydroxypyridine (haloxidine), 0.02 mm 4-chloro-5-(dimethylamino)-2-a,a,a (trifluoro-m-tolyl)-3-(2H)-pyridazinone (Sandoz 6706, metflurazon), 0.05 and 0.1 mm 5-dimethylamino-methylene-2-oxo-4-phenyl-2,5-dihydrofurane-carbonitrile-(3) (difunone, EMD-IT-5914).
For growing seedlings in the presence of D,L-a-tocopherol acetate, 500,umol each were dissolved in ethanol and applied to filter paper discs in glass boxes (20 cm diameter). After evaporation of the solvent the filter paper was moistened with the herbicide solution (50 ml).
Isolation of Chloroplasts. Leaves of 6-day-old rye seedlings grown at 10 lux in the presence of either 0.3 mM aminotriazole or 0.02 mm Sandoz 6706 were finely minced with razor blades in 2 to 3 volumes of ice-cold grinding medium and then briefly and gently ground in a mortar in the presence of a small quantity of sea sand. The grinding medium of Feierabend and Beevers (9) was used, except that Ficoll was omitted. The homogenate was pressed through four layers of muslin, and two layers of Miracloth. The sediment obtained after 20- Superoxide dismutase activity was assayed by the method of Marshall and Worsfeld (25) .
The experiments were performed 3 to 6 times. The data presented are averages of the measurements. Standard deviations of the mean are indicated. of its content in H20-grown controls) in the presence of the herbicides aminotriazole, haloxidine, San 6706 and difunon at concentrations that were high enough to induce a complete chlorosis at 5,000 lux. Sections from the middle of 10 lux-grown leaves were excised and exposed to a high light intensity of 30,000 lux on a buffer of pH 6.0. Tips and basal parts were discarded to have a tissue of fairly uniform differentiation and reactivity. Illuminations with 30,000 lux were performed both at 0°C and 30°C to discriminate photochemical reactions from those involving metabolic processes. In the controls the Chl contents increased during the exposure to bright light at 30°C and slightly decreased at 0°C where no Chl synthesis occurred (Fig. 1 ). In the herbicide treatments, two types of response were observed: in treatments with San 6706 and difunon strong photodestructions of Chi occurred within a few hours both at 0°C and at 30°C (Fig. 1 ). In treatments with aminotriazole and haloxidine, bleaching ofChl was relatively slow and only seen in the presence of rather high, growth-inhibiting, herbicide concentrations (as used in Fig. 1 ) and at 0°C where degradation could not be compensated by new synthesis of ChM.
To get some information about the nature of the photooxidative events involved in the bleaching of Chl in herbicide-treated tissue, several quenchers of excited Chl and scavengers of activated 02 forms were added to the buffer during the illumination with bright light.
Involvement of Chi Radicals and Singlet Oxygen (102). Quinones are known as quenchers of triplet Chl (13, 27) . Both pbenzoquinone and hydroquinone markedly slowed Chl breakdown in 10 lux-grown herbicide-treated leaf segments exposed to 30,000 lux at 0°C. At 30°C their effect was even greater (Fig. 1) . In San 6706 treatments, the light-induced Chl breakdown was almost prevented at 30"C, in all other herbicide treatments the Chl content clearly increased in the presence ofp-benzoquinone in spite of the high light intensity. Even in untreated controls the rate of Chl accumulation was increased. The efficiency of pbenzoquinone to prevent bleaching was presumably still greater but underestimated in our experiments because of incomplete penetration into the tissue, particularly at 0°C. The after exposure to bright light in the presence ofp-benzoquinone. A known scavenger for '02 is a-tocopherol (16, 20) . Therefore, an observation of Hilton et aL (22) that Chi accumulation was strongly increased when a-tocopherol acetate was applied to growing seedlings simultaneously with a treatment with pyridazinone herbicides deserves particular interest. We fully confirmed the protective effect of a-tocopherol acetate for San 6706-treated rye leaves (Fig. 2) . However, in all other herbicide treatments applications of a-tocopherol acetate had no or only minor effects (Fig.  2) . When applied to 10 lux-grown leaf sections during exposure to 30,000 lux a-tocopherol acetate did not protect against photodegradation of Chl even when its uptake was facilitated by the addition of DMSO (Fig. 3) . Whereas DMSO can, in addition, act as a hydroxyl radical scavenger (5) copper very markedly slowed high light-induced Chl degradation after all herbicide treatments at 0°C. At 30°C Chl breakdown was not only in all instances completely prevented but Chl even accumulated in the high light intensity (Fig. 5) . The magnitude of Chl accumulation varied for the different herbicides. Also in untreated control leaves an enhanced Chl accumulation was observed in the presence of D-pen cillamine copper (Fig. 5) .
To investigate the influence of the herbicide treatments on the superoxide dismutating ability ofthe tissues, superoxide dismutase activity was estimated in extracts of leaves grown at 5,000 lux where all herbicides induced chlorosis. In the absence of herbi- FEIERABEND AND WINKELHUSENER cides, superoxide dismutase activity was about twice as high in green leaves of light-grown, as in etiolated leaves of dark-grown seedlings. Chlorotic leaves from seedlings grown in light in the presence ofaminotriazole or haloxidine exhibited as high activities as untreated green leaves, but leaves grown in the presence of San 6706 and particularly difunon had considerably lower superoxide dismutase activities (Fig. 6) .
Involvement of Hydroxyl Radicals.,Thiourea, formate, and Tris were applied as scavengers of hydroxyl radicals (5, 17) . Chl bleaching of 10 lux-grown leaf segments at 30,000 lux (Fig. 7) was in no instance decreased by their presence. In San 6706 and difunon-treated leaf segments, even an enhanced Chl degradation was observed in the presence of some of the hydroxyl scavengers.
Influence of H202. H202 was applied to, or generated in, green 10 lux-grown untreated and aminotriazole-treated leaves in darkness in order to test its efficiency as a slight Chl degradation in combination with a pretreatment of the leaf sections with an Fe2+-salt solution (FeSO4) external H202-applications had no effect, even when DMSO or propanol were present to facilitate the uptake (Fig. 8) .
Externally applied glycolic acid is readily oxidized by leaf segments (8) and can, therefore, be expected to generate H202 inside the cells. In aminotriazole-treated tissue an even greater accumulation of the resulting internal H202 is to be expected because of the inactivation of catalase through aminotriazole (10) . Nevertheless, Chl was not significantly degraded after application of glycolic acid, as compared to leaf sections floated as controls on a citric acid solution of the same pH as the glycolic acid solution applied.
Lipid Peroxidation. Photooxidative destruction of lipids can be assayed by the formation of ethane or thiobarbituric acid-reactive material ('malondialdehyde') (6) . Only in leaf segments grown at 10 lux in the presence of San 6706 and difunon thiobarbituric acid-reactive material markedly increased during a 3 h illumination with 30,000 lux above the level measured before the strong light treatment. In the other herbicide treatments and in control leaves no change of the malondialdehyde content was seen (Fig.  9) .
Bleaching of Chi in Isolated Chloroplasts. Chloroplasts were isolated from leaves grown at 10 lux in the presence of aminotriazole and San 6706 or, as controls, without herbicides on H20. Chloroplast suspensions were illuminated with 30,000 lux at 25°C. In vitro considerable photodestruction of Chl occurred in chloroplast suspensions from untreated control leaves, but in preparations from herbicide-treated leaves Chl degradation was much greater. However, in striking contrast to the in vivo behavior, chloroplasts from the aminotriazole treatments exhibited an equally high photodestruction of Chl as those from San 6706 treatments (Fig. 10) and in vitro malondialdehyde increased in both herbicide treatments and even in the untreated controls (Fig.   10 ).
DISCUSSION
After exposure of dim light-grown leaf segments to a high light intensity significant photodestruction of Chl was seen only in treatments with the herbicides designated here as group 2 (San 6706, difunon) but not in treatments with group 1 herbicides (aminotriazole, haloxidine). Therefore, we feel that the chlorosis induced by group 1 herbicides can at least not predominantly originate from a direct photooxidative degradation of Chl. The strong photodestruction of Chl in the presence of group 2 herbicides has been related to the severe carotenoid deficiency induced by them (for literature, see 10, 11, 29) which results in the occurrence of the reactive triplet state of Chl that is normally quenched by protective carotenoids. Triplet Chl is able to interact with 02 yielding activated 02 forms which backreact with Chl and cause its oxidative decomposition. That the strong photodestruction of Chl in the presence of group 2 herbicides occurred at 0°C demonstrates that it mainly resulted from photodynamic reactions. Initially only singlet 02 was thought to be involved in the photodynamic decomposition of Chl (23) . However, also the photochemical formation of superoxide and hydroxyl radicals has been assumed in other Chl containing systems and discussed as being responsible for the photodestruction of Chl (15, 18, 27) .
Inasmuch as photodestruction of Chl was in isolated chloroplasts as strong in treatments with a representative of group 1 herbicides, aminotriazole, as in treatments with group 2 herbicides, some protective mechanisms were obviously lost during isolation. Because the in vitro system did thus not truly reflect the in vivo situation we have used the intact leaf system for the application of free radical and activated 02 scavengers, whereas this is much more problematic. In the in vivo system greater uncertainties exist whether the substances were sufficiently taken up by the tissue and whether they really reached the chloroplast membranes. A further disadvantage of the approach is that many of the scavenger substances are not truly specific for only one radical form. Ascorbate can, for instance, react with '02, 02 and OH' (3, 16) . Among the different substances tested only benzo-and hydroquinone and the D-penicillamine copper complex, a superoxide dismutase substitute (24) , effectively protected Chl from photooxidation in the herbicide-treated tissue. The observation that in leaf segments from untreated controls or seedlings treated with the milder chlorosis-inducing herbicides of group 1, where no lightinduced Chl bleaching was observable at 30°C, both the quinones and the penicillamine-copper complex significantly increased Chl accumulation at 30°C indicated that also under these conditions (i.e. even without herbicides) some slight photooxidation was usually occurring but fully compensated by new synthesis of Chl. Quinones had similarly been found to be most effective in preventing light-induced degradation of Chl in leaf discs of Cucumis, a chilling-sensitive plant, at low temperature (19) and to protect Chl from destruction in the presence of bisulfite and 02 (27) . The efficiency of the quinones is most probably attributable to their ability to scavenge free radicals and quench triplet Chl energy (13) .
The strong protective action of the penicillamine copper points to an essential role of the superoxide radical in the herbicidedependent (group 2) photodegradation of Chl, whereas the inefficiency or even Chl breakdown enhancing action of ascorbate, seems to question this result. It remains, however, uncertain whether externally applied ascorbate was in an unmetabolized form reaching the chloroplast membranes. In addition, when exposed to 02-, autoxidizing ascorbate is known to produce highly reactive intermediates able to evoke the oxidative destruction of several cell constituents (16) . Because the action of ascorbate can thus even enlarge cellular damage penicillamine copper appears to be the more specific 02 scavenger. Its protective effect suggests that the endogenous superoxide dismutase activity was not sufficient to break down the 02 generated under strong light in treatments with group 2 herbicides or that the enzyme was not accessible to its substrate. In San 6706-and difunon-bleached leaves, total superoxide dismutase activity was markedly lowered, relative to untreated controls, but by far not absent. It is to be expected that, similar to other chloroplast enzymes, such as NADP-glyceraldehyde-P dehydrogenase (11) , that portion of superoxide dismutase which is localized in the chloroplasts (for literature, see 6) was inactivated. Presumably this inactivation was, however, not origin for, but itself consequence of, photodestruction in the chloroplast so that already the initial activity in the organelle must have been insufficient under high light conditions in the presence of the herbicides. A crucial involvement of superoxide was similarly deduced for paraquat-induced bleaching from its inhibition by the penicillamine copper complex in intact flax cotyledons (30) , and for Chl destruction catalyzed by bisulfite (27) .
Direct one-electron oxidation ofChl by 02 has been considered (27) but the 02. radical itself is mostly regarded as only poorly reactive (16) and mainly as a source for the generation of more aggressive forms of activated oxygen, such as singlet oxygen (12, 16, 30) , Fenton type oxidants resulting from the interaction of Fe2' and H202 (7, 17) , hydroxyl radicals (17) , or lipid peroxides (27, 30) . The suppression of Chl bleaching by the presence of atocopherol acetate in the growth medium together with pyridazinone-herbicides (Fig. 2) (27) . The inefficiency of the OH, radical scavengers, though they were applied at rather high concentrations, speaks against the contention of Harbour and Bolton (18) on the significance of the OH* radical for Chl photooxidation and it has now been questioned whether OH--radicals are at all generated in biological systems (7) .
Superoxide appears to give rise to lipid peroxidation (12, 16, 27, 30) and the behavior of the malondialdehyde-like material indicated that a concomitant lipid peroxidation occurred in those herbicide treatments where Chl photodestruction was found. Evidence has been presented that products of lipid peroxidation, such as alkoxy radicals, destroy Chl (27) . From this it is conceivable that the photooxidative decomposition of Chl in treatments with group 2 herbicides was mediated through lipid peroxidation and that the differences in the extent of photodestructive damage depend on unequal abilities of the various herbicides to induce lipid peroxidation. This may not only apply to the bleaching of Chl but also to the breakdown of other cell constituents. Whereas the activated forms of 02 are themselves known to attack nucleic acids and proteins (4, 12, 16) , intermediates of lipid peroxidation are regarded as particularly aggressive against proteins leading to crosslinking, scission, conjugation with lipids and amino acid damage (14) . This can be the reason that the chloroplast enzyme NADP-glyceraldehyde-3-P dehydrogenase was inactivated only in treatments with group 2 herbicides where lipid peroxidation took place (11) . Conceivably, lipid peroxidation is even able to spread through membrane contacts which have been regularly observed between chloroplasts and leaf microbodies and can thus specifically propagate photodestructive events from the chloroplasts to another organelle leading to the inactivation of peroxisomal enzymes that was also exclusively observed in treatments with group 2 herbicides (10, 11) . Our results attribute key roles in the generation of photodestructive damage in the presence of the chlorosis-inducing herbicides of group 2 to 02 and lipid peroxidation but their detailed action and interdependence need further elucidation.
